ABSTRACT. Blood samples were obtained sequentially from 10 dairy cows around the time of parturition to assess plasma fluctuations in estradiol-17β (E 2 ) levels in association with those of several bone resorption markers. Plasma E 2 concentration increased sharply a few days prepartum and decreased quickly after parturition. In terms of bone resorption markers, the plasma level of tartrate-resistant acid phosphatase isoform 5b (TRAP5b) rose significantly, commencing 1 week prepartum, and was maintained at this level to a few days postpartum. The plasma concentration of carboxyterminal collagen cross-links of type-I collagen (CTx) increased significantly after parturition. These observations suggest that osteoclast-mediated bone resorption was activated after parturition when plasma E 2 concentrations decreased. KEY WORDS: dairy cow, osteoclast-mediated bone resorption, osteocytic remodeling, parturition, tartrate-resistant acid phosphatase isoform 5b (TRAP5b)
Nearly all dairy cows experience some degree of hypocalcemia around the time of parturition, and milk fever (parturient paresis) is a hypocalcemic disorder associated with the commencement of lactation [6] . A reduction in plasma calcium (Ca) concentration occurs, because Ca in the extracellular fluid pool enters the mammary gland faster than it can be replaced by intestinal Ca or via the bone resorption of Ca [6] . Estrogen, estradiol-17β (E 2 ) and estrone, known to play important roles in skeletal homeostasis [2] , are often considered to be potent inhibitors of bone resorption [4] . In humans, estrogen deficiency caused by menopause triggers increased bone resorption exceeding bone formation, and this imbalance causes the bone loss predisposing one to osteoporosis [2] . In dairy cows, some earlier studies suggested that cows with higher plasma concentrations of estrogen at the time of parturition were at a greater risk of developing milk fever [7, 16] , whereas several other studies failed to make such findings [5, 20] . Thus, further work is required to clarify the relationship between estrogen level and bone resorption in parturient cows. The present study was designed to assess plasma fluctuations in E 2 levels together with those of several bone resorption markers around the time of parturition in dairy cows.
The study protocol was approved by the Iwate University Laboratory Animal Care and Use Committee (#A201331). Ten normally parturated Holstein cows from 2 commercial farms (A and B) in Iwate, Japan, were studied. The dry-up period commenced 2 months prepartum, and the close-up period began 3 weeks prepartum in all cows. On farm A, the cows (4.1-7.0 years old; n=4) were housed in free-stall barns. The cows were fed grass hay ad libitum, with 4 kg/day of concentrate, together with 30 g Ca sulfate as an additive, during the close-up period [0.59% Ca, 0.47% phosphorus (P) and 0.24% magnesium (Mg) in dry matter (DM), all w/w]. On farm B, the cows (3.3-6.3 years old; n=6) were housed in a free-stall barn before parturition and in a tie-stall barn after calving. The cows were fed grass hay ad libitum with 3 kg/day of concentrate containing 80 g Mg oxide and 50 g dicalcium phosphate as additives during the close-up period (0.50% Ca, 0.40% P and 0.47% Mg in DM, all w/w). The close-up dietary cation-anion difference (DCAD) calculated from the dietary mineral levels was 0.1 and 26.7 mEq/100 g of dietary DM on farms A and B, respectively. During lactation, the cows on each farm were fed a total mixed ration of grass silage and concentrates, with plenty of grass hay. The milk yield (mean ± standard deviation) of cows on farms A and B was 35.8 ± 8.2 and 35.5 ± 4.9 kg/day, respectively, in the first month after parturition. Heparinized blood samples were obtained via coccygeal venipuncture at 3 weeks (18-24 days prepartum; W-3), 1 week (5-7 days prepartum; W-1) and 1-2 days (5-43 hr prepartum; D-2) before parturition, and at 1 or 2 days (18-43 hr) postpartum (D+2) and 3 weeks (20-24 days) postpartum (W+3). Placental expulsion occurred within 12 hr of calf delivery in all cows. Plasma was separated within 3 hr of collection via centrifugation at 1,780 × g for 20 min and stored at −50°C prior to blood biochemical analysis.
The plasma E 2 concentration was measured using timeresolved fluorescence immunoassay kits (DELFIA Estradiol Reagents; Perkin Elmer Life and Analytical Sciences, Akron, OH, U.S.A.) as described by Togashi et al. [21] , while the plasma Ca and Mg concentrations were determined via an o-cresolphthalein complexone and xylidyl blue methods, respectively, using an automated clinical chemistry analyzer (ACCUTE TBA-40FR autoanalyzer; Toshiba Medical Systems Co., Otawara, Japan). The plasma intact parathyroid hormone (iPTH) concentration was measured via an electrochemiluminescence immunoassay (Elecsys PTH Kit; Roche Diagnostics, Mannheim, Germany). As a check of the assay validity, plasma samples from cows with experimentally induced hypocalcemia (n=4) [19] were preliminary subjected to measuring iPTH concentrations. Plasma iPTH concentration (median, minimum-maximum) increased to the maximum level during experimental hypocalcemia (1,228 pg/ml, 755-1,587 pg/ml) compared to the level before the experiment (60.8 pg/ml, 19.7-128.3 pg/ml). Plasma iPTH concentrations in clinical healthy parturient cows and spontaneous milk fever cases using this assay have been described in our previous study [19] . Plasma tartrate-resistant acid phosphatase isoform 5b (TRAP5b) activity was measured fluorometrically as described previously [13, 22] . The plasma carboxy-terminal collagen cross-links of type-I collagen (CTx) concentration was assayed using an ELISA kit validated for cattle [9] (Serum CrossLaps ELISA; Nordic Bioscience Diagnostics, Copenhagen, Denmark), while the plasma hydroxyproline (HYP) concentration was determined spectrophotometrically as described previously [3] .
Blood biochemical data are presented as medians with interquartile ranges (IQRs). To evaluate fluctuation in each parameter, the values were checked for normal distribution using D'Agostino-Pearson omnibus normality test and assessed by repeated measures ANOVA and Holm-Sidak's multiple comparisons test or by Friedman test and Dunn's multiple comparison test, using the prepartum W-3 levels as controls. The Mann-Whitney U-test was used to compare differences between levels in the cows of each farm at each time point. All statistical analyses were performed with the aid of Prism version 6 for Windows (GraphPad Software Inc., La Jolla, CA, U.S.A.). The level of significance was set at P<0.05. Figure 1 shows the plasma E 2 , Ca, iPTH, TRAP5b, CTx and HYP levels in 10 dairy cows from prepartum W-3 to postpartum W+3. Plasma E 2 concentrations significantly increased at prepartum D-2 (median, IQRs: 168.0 pg/ml, 147.0-231.2 pg/ml) and significantly decreased at postpartum W+3 (0.4 pg/ml, 0.1-1.3 pg/ml) compared to the level at prepartum W-3 (7.7 pg/ml, 6.4-11.3 pg/ml). Plasma Ca concentration decreased significantly at postpartum D+2 (8.8 mg/dl, 8.5-9.1 mg/dl) compared to the level at prepartum W-3 (9.6 mg/dl, 9.4-9.9 mg/dl). The plasma iPTH concentration was significantly elevated at postpartum D+2 (41.7 pg/dl, 33.7-56.8 pg/ml) compared to that at prepartum W-3 (15.6 pg/ml, 7.5−23.0 pg/ml). The plasma TRAP5b level was significantly lower at prepartum W-1 (0.73 U/l, 0.51-0.84 U/l) compared to postpartum D+2 (1.04 U/l, 0.78-1.33 U/l) and prepartum W-3 (0.64 U/l, 0.48-0.76 U/l). The plasma CTx concentration was significantly higher at postpartum D+2 (0.75 ng/ml, 0.54-1.64 ng/ml) and W+3 (1.43 ng/ml, 0.95-2.14 ng/ml) than at prepartum W-3 (0.44 ng/ml, 0.24-0.58 ng/ml). The plasma HYP and Mg concentrations did not fluctuate significantly around the time of parturition. When the two farms were compared, the plasma iPTH concentration at prepartum W-1 on farm A (19.0 ng/ml, 13.5-24.1 ng/ml) was significantly higher than that on farm B (5.9 pg/ml, 5.7-6.2 pg/ml). There were no significant differences in other plasma parameters between 2 farms at each time point.
Estrogen is the principal hormonal regulator of bone metabolism in humans and animals, and recent studies have shown that osteoclasts are directly targeted by the hormone [10] . Osteoclast-specific deletion of the estrogen receptor decreased trabecular bone mass attributable to an increase in the osteoclast life span caused by a reduction in apoptosis [10] . Estrogen blocks the receptor activator of NFκB ligand (RANKL)/macrophage-colony stimulating factor (M-CSF)-induced activator protein-1-dependent transcription and suppresses RANKL-induced osteoclast differentiation [10] . In addition to these direct effects on osteoclasts, estrogen indirectly regulates osteoclast formation and activity. Recent studies have shown that estrogen suppresses RANKL production by osteoblasts, and T-and B-cells, and also stimulates the production of osteoprotegerin (OPG), which is the decoy receptor for RANKL [10] . Estrogen deficiency has been reported to increase production of several of boneresorbing cytokines (including interleukin-1, tumor necrosis factor-α and M-CSF), resulting in bone loss in both humans and animals [10] . In the present study, the plasma levels of E 2 , Ca, iPTH and several bone resorption markers were analyzed in dairy cows around the time of parturition to explore the suppressive effect of estrogen on bone resorption.
The fluctuations in plasma E 2 and Ca concentrations described here appear to be typical in parturient dairy cows and are consistent with previously reported findings. The plasma E 2 concentration has been reported to increase sharply a few days prepartum and to fall swiftly after parturition [7, 14] , whereas the plasma Ca level declines soon after calving [6] . The parathyroid gland produces iPTH and secretes the hormone into the bloodstream whenever the blood Ca level declines [6] . We found that the plasma iPTH concentration increased significantly when the plasma Ca attained its minimum level (postpartum D+2). We also found a significant difference in plasma iPTH concentrations between the 2 farms at prepartum D-2, possibly due to differences in the concentrations of Mg and DCADs in the close-up diets on the 2 farms, because such factors affect Ca metabolism by changing tissue sensitivity to PTH [6] . However, there were no significant differences in plasma Ca and Mg concentrations between 2 farms at that time point (plasma Ca concentration: 9.9 mg/dl, 8.9-10.5 mg/dl in farm A and 9.9 mg/dl, 9.6-10.1 mg/dl in farm B; plasma Mg concentration: 2.1 mg/ dl, 1.7-2.4 mg/dl in farm A and 1.9 mg/dl, 1.8-2.1 mg/dl in farm B).
Turning to bone resorption markers, the levels of TRAP5b, a lysosomal enzyme secreted by activated osteoclasts, are reportedly well correlated with osteoclast numbers [17] . CTx is a fragment of the peptide-bound metabolite of type I collagen, an important biochemical marker of bone resorption [1, 18] . This fragment is generated via breakdown of collagen type I mediated by osteoclast-derived acid proteases [1] . In the present study, plasma TRAP5b activity became significantly elevated commencing 1 week prepartum (W-1), and these levels were maintained up to a few days postpartum (D+2). Elevation of plasma TRAP5b activity in cows soon after parturition has been reported previously [9] . However, to the best of our knowledge, this is the first report to describe a rise in plasma TRAP5b activity commencing in the final gestational week. The plasma CTx concentrations in our cows increased significantly after parturition (postpartum D+2 to W+3), similar to findings of previous studies measuring the plasma levels of CTx [8, 12] or other breakdown fragments of collagen type I [11, 12] during early lactation in cows, goats and sheep. These observations on 2 bone markers appear to indicate that osteoclast numbers were elevated prepartum despite any effect of plasma E 2 ; however, bone resorption mediated by osteoclasts was suppressed prepartum when plasma E 2 levels were high and activated postpartum when plasma E 2 levels decreased.
To date, osteoclasts have been thought to be solely responsible for removal of the bone matrix. Recent studies have shown that osteocytes can also remove the bone matrix by reversibly remodeling their perilacunar/canalicular matrix [10, 15] . Qing et al. [15] reported that osteocytes from lactating mice exhibited elevated expression of genes and proteins known to be utilized by osteoclasts, including TRAP5b and cathepsin K; these returned to virgin levels upon weaning, suggesting that the increased Ca demand caused by milk production induced osteocytic remodeling (osteocytic osteolysis) to remove mineralized matrix. Therefore, we suggest that the elevated plasma TRAP5b activity also reflects the number of TRAP5b-positive osteocytes involved in osteocytic remodeling in response to the increased Ca demand commencing 1 week prepartum in parturient dairy cows. However, a further study is needed to clarify the relationship between estrogen and osteocytic remodeling in parturient cows.
The plasma HYP concentrations of the present study did not fluctuate significantly in the time around parturition. HYP is an amino acid contributing to collagen orientation within the bone matrix and serves as a marker of bone resorption in cattle [11, 22] . However, the utility of HYP measurements is controversial, because plasma HYP is influenced by the diet and the metabolism of non-bony collagen, such as that of muscle, skin and liver [11, 22] .
In summary, our present study suggests that osteoclastmediated bone resorption is activated after parturition when the plasma E 2 concentration decreases, following the suppression of osteoclast activity prepartum when the plasma E 2 level was high. In addition, the fluctuation in plasma TRAP5b activity suggests that the number of osteocytes involved in osteocytic remodeling increases commencing 1 week prepartum in dairy cows. Further work is necessary to verify the utilities of these bone resorption markers in the monitoring of osteoclastic and/or osteocytic bone resorption around the time of parturition in dairy cows.
